cholesterol. SPR and ThT fluorescence assays were then employed to monitor α -Synuclein binding, as well as fibrillation in the absence and presence of membrane models. 1 H- 15 N correlated NMR was used to monitor the fold changes of α -Synuclein in response to nanodisc binding, and we determined individual residue apparent affinities for the lipid bilayers contained in the nanodiscs. Cholesterol inhibited α -Synuclein interaction with lipid bilayers.
We also find that cholesterol, when present in the nanodiscs, significantly promotes α -Synuclein fibrillation, with more than a 20-fold reduction of lag-times before fibrillation onset. When α -Synuclein interaction was analysed for individual residues by solution-state NMR, we observed two different effects of cholesterol on α -Synuclein-membrane interaction.
In nanodiscs made of DOPC, cholesterol modulated the NAC part of α -Synuclein, leading to stronger interaction of this region with the lipid bilayer. In contrast, in the nanodiscs comprising DOPC, DOPE and DOPG, the NAC part was mostly unaffected by cholesterol, while the binding of the N-terminal and the C-terminal are both inhibited. neurotransmitter release, where the protein assists vesicles containing the neurotransmitters to fuse with the synaptic membrane transiently so that it can deliver its cargo before disengaging 2 . Unfortunately, the role of the interaction between α -Syn and lipid bilayers is unclear as a consistent pattern of behaviour has not been observed (review 3 Likewise, pronounced membrane curvature and smaller lipid head group size seem to promote the interaction of α -Syn 4, 6, 7 . With this is in mind, there is a notable lack of knowledge regarding α -Syn interaction with cholesterol, the most abundant mammalian component of the that the cholesterol abundance in the PM of neurons decreases with age, which in turn could drive or confer vulnerability towards neurodegeneration 17 . This age-dependent loss of cholesterol from the PM seems to affect the release of neurotransmitters by hindering the fusion of presynaptic vesicles 18 . However, the clinical connection between PD and cholesterol abundance and distribution remains unclear. There is evidence that higher level of serum cholesterol is associated with a higher risk of PD 19 , a decrease in the risk of PD 20 , or is not associated with PD at all 3, 21 .
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There are also contradictory results regarding the interaction of α -Syn and cholesterol at the molecular level. It has been reported that there is a cholesterol binding site in the Non-Amyloid-Component (NAC) of α -Syn and that cholesterol is essential for the formation of 'amyloid pores' [22] [23] [24] , which is relatable to the toxic effects that has been proposed for α -Syn oligomers. However, recent work has shown that the presence of cholesterol inhibits the binding of α -Syn to membranes comprising either zwitterionic or anionic lipids 25, 26 . The apparent discrepancy in affinity between α -Syn and cholesterol, and the interaction of α -Syn and lipid head groups has, to our knowledge, not been explained adequately. Despite contradictory and incomplete evidence, current knowledge strongly suggests a role for cholesterol in both the normal function and misfolding of α -Syn. We hypothesise that there is an interplay between cholesterol abundance of the membrane and the reversible and dynamic α -Syn binding, the protein conformational response, and ultimately the protein oligomerization and fibrillation outcome. We further propose that these changes in the protein conformation are primary driven by interaction between the NAC region and cholesterol.
The investigation of reversible protein-membrane interactions often relies on lipid vesicles or supported lipid bilayers 27 . However, such lipid assemblies limits the interpretation and application of many methods including solution-state NMR, steady-state affinity measurements and fibrillation studies 28 . Nanodiscs, consisting of circular patches of lipid bilayer surrounded by a polymer belt, have emerged as an alternative to vesicles and have been successfully used in structural studies of membrane proteins and anchored peripheral proteins 28, 29 . As they can be prepared with narrow size distributions, well-defined lipid compositions, and are stable in solution, they are promising tools for studying reversible protein-lipid interactions 29, 30 . In this study, we use styrene-maleic acid (SMA) nanodiscs as the primary membrane model system for our studies. These nanodiscs have properties similar to those that are prepared using a protein belt to scaffold the lipids, but allow a detergent-free sequestration of lipids directly from vesicle or even native membranes 29 Net negative bilayer charge has been established as a primary determinant for reversible protein-membrane interactions in general [33] [34] [35] [36] , and also for α -Syn 4,7,37 . We therefore prepared vesicles representing either fluid zwitterionic or fluid anionic bilayers. The zwitterionic vesicles were prepared using DOPC alone, while the anionic model was more complex using DOPC:PE:PG in a 4:3:1 molar ratio (structure of lipids shown in Figure S1A ).
The latter model confers net charge at most pHs and has a PE content similar to that of PM membrane. Each model was also prepared in the presence or absence of 30% (w/w) cholesterol, yielding a total of four different lipid compositions. The steady-state affinity of monomeric (>95% according to SEC, Figure S2A ) α -Syn for the lipid vesicles was then investigated using a Biacore T200 instrument in multiple cycle experiment runs.
A representative SPR plot is shown in Figure 1A . The dissociation equilibrium constant, K D , of α -Syn was estimated using Equation 1 ( Figure 1B and 1C It has been reported that cholesterol can promote interaction of α -Syn oligomers and zwitterionic PC and PE lipids prepared as vesicles and sonicated lipid dispersions 42, 43 .
However, the effect of cholesterol on α -Syn aggregation is not known for lipid model systems with planar bilayers. Moreover, previous studies used either lipid vesicles, which are not suitable for long (more than 24 hours) aggregation experiments, or seeding, which will lead to faster aggregation rates, but also increase batch-to-batch variability. We therefore prepared nanodiscs from 100 nm vesicles of the same compositions as used for the SPR affinity measures. This was done by adding SMA to 1% w/v, and overnight incubation followed by size exclusion chromatography (SEC) purification. Although the presence of cholesterol and PE in the vesicles inhibited proper nanodisc formation, we were able to optimize the process as described in Supplementary Information. Nanodisc elution times and dimensions as determined by SEC and DLS, respectively, are summarized in Table S1 . Inclusion of cholesterol into the nanodiscs where verified using LC MS/MS ( Figure S3 ).
We then were able to test how the presence of cholesterol embedded in nanodiscs affected the fibrillation rate of α -Syn. ThT and TPE-TPP fluorescence assays were used to measure the fibrillation of α -Syn both in the absence and presence of lipid nanodiscs. While
ThT is a fluorescence probe that is widely used to characterize the aggregation of various amyloidogenic peptides, also in the presence of lipid bilayers [44] [45] [46] . TPE-TPP, is to our knowledge untested as a fluorescence marker in the presence of lipids. The compound is a structural ThT analogue developed by Leung et al. 32 . It binds to fibrils by a similar mechanism as ThT, but it is two orders of magnitude more sensitive and therefore potentially an earlier reporter of fibrillation 47 .
We adopted a high-throughput technique, using 384 well plates and incubation time of up to 150 hours 48 . First, we evaluated the experiment by cumulative curve plot 48 Figure 2C ). From this model, we obtained the t N (lag time, Equation 3) and ν (fibrillation rate). The ratio of t N /t Ncontrol and ν /ν-control is presented in Figure 2B and D.
Using the TPE-TPP fluorescence dye, we were able to detect the early stages of fibrillation of α -Syn alone ( Figure S2B ). However, with the addition of lipid nanodiscs we observed a loss of fluorescence ( Figure S4 ). This suggests the release of TPE-TPP from the cross-β sheets of α -Syn and its interaction with the lipid nanodiscs. TPE-TPP was therefore deemed unsuitable for fibrillation studies in the presence of our model system of choice but did serve well as an early, sensitive marker for fibrillation events. The results presented below are therefore derived from ThT-based assays only.
We also monitored the morphology of α -Syn during the lag phase using atomic force microscopy ( Figure 2E ). For α -Syn alone we could not observe any fibrils, as α -Syn was observed only as a granular background using a focus of both 10 µm and 2 µm ( Figure 2E insets). From α -Syn + DOPC, we can clearly observe the DOPC-nanodisc as spheres of 50-100 nm, larger than the diameters in While cholesterol actively promotes fibrillation, the SPR experiment indicated that interaction between vesicles and α -Syn is diminished in the presence of cholesterol ( Figure 1 ).
This suggests to us that cholesterol is having an effect similar to seeding; it is either promoting an α -Syn fold which is more prone to aggregation or is stabilising oligomers which are on-pathway to fibrils. This is consistent with the observation that atomic form microscopy did observe aggregation in direct contact with cholesterol-containing nanodiscs ( Figure 2E ).
The presence of cholesterol may also modulate which parts of α -Syn come into contact with and embed in the bilayer. We explored these possibilities further using solution state NMR. To further explore the mechanism of α -Syn and cholesterol interaction we proceeded with NMR studies to determine which amino acids are affected in the presence of lipid nanodiscs. Lipid nanodiscs of the compositions described above were titrated into 15 N labelled α -Syn and HSQC fingerprints were acquired to monitor changes in the chemical environment of individual residues. Cross-peak assignments were adapted from BMRB entry 6968 50 and 25227 51 and verified using C Figure 3B ).
In order to visualize the results, each residue-specific aK D was then plotted as a function of lipid nanodisc composition and its position in the α -Syn primary sequence ( Figure   3B 54, 60 , most of the observable peaks in the C-terminal region did not change in any way, suggesting most of the C-terminal domain remains unperturbed in a random coil formation. These peaks are depicted in Figure 3B as deep red (See Table S3 for values).
Since cholesterol has such an impact on both binding and fibrillation rates, we wanted to see which parts of α -Syn that were particularly affected by its presence. Changes in the aK D values in the presence of cholesterol was therefore plotted in Figure 4A and 4B and illustrated on the PDB model on Figure 4D . When cholesterol is present in the lipid nanodiscs we could However, the K D for DOPC:PE:PG with 30% cholesterol was still almost four times lower than for the DOPC membrane model. This suggests that a tighter and more ordered packing of lipids has a negative impact on the α -Syn bilayer interaction, although the presence of net negative charge is a stronger determinant in the current setup. Our findings are consistent with recent studies reporting that cholesterol has negative effect on α -Syn binding 25 , and with reports finding that bilayer fluidity is an important driver for binding alongside charge 4, 42 .
The binding of α -Syn may be further promoted by its potential for desolvating exposed hydrophobic sites between small headgroups the bilayer, alleviating the entropic cost associated with this and at the same time reducing curvature elastic stress 39, 65 . For α -Syn binding to PE-containing lipids these exposed sites may be more important in the absence of strong electrostatic interactions.
The nanodiscs employed in this study made it possible to investigate the effect of membrane components on fibrillation rates. As described above, we modified the high throughput method described by Afitska et al. 48 This approach avoids experimental sensitivity to initial conditions that are difficult to control for. The onset of α -Syn fibrillation was delayed in the presence of lipid nanodiscs lacking cholesterol ( Figure 2 ). In the presence of both DOPC and DOPC:PE:PG nanodiscs there was almost a three-fold increase in α -Syn fibrillation lag time ( Figure 2C ). This observation is similar to other reports where α -Syn fibrillation is delayed by the presence of lipids 37, 38, 48 .
Moreover, no significant changes in the fibrillation rate were observed ( Figure 2D ). This suggests that the lipids effectively decrease the population of free α -Syn monomers, leaving less protein available for oligomerization and fibrillation. This is, surprisingly, also observed in the presence of zwitterionic DOPC to which α -Syn has a very low affinity. It seems that even this low affinity is sufficient to almost double lag times for the onset of fibrillation. The potential for using zwitterionic small unilamellar vesicles to inhibit the onset of α -Syn fibrillation and protect dopaminergic cells has recently been reported by Aliakbari et al. 62 . It seems that α -Syn engages in a dynamic exchange with PC and PE membrane components that does not give rise to high affinity binding but is nonetheless very important for preventing nucleation with subsequent fibrillation.
When cholesterol was present in the lipid nanodiscs, there was a significant promotion of α -Syn fibrillation (Figure 2 ). The lag times decreased almost to zero ( Figure 2C ) and
fibrillation rate increased to more than 13 times higher than for α -Syn alone ( Figure 2D ). One possible explanation for these dramatic changes is that lipid nanodiscs containing cholesterol served as a seeding agent, independently of other lipids present. Other reports on the effect of cholesterol on α -Syn fibrillation are conflicting. Some studies using lipid vesicles did not observe any promotion of α -Syn fibrillation by lipid vesicles containing cholesterol 25, 62 , while other studies observed increased oligomerization in the presence of oxidized cholesterol metabolites 66 or increased fibrillation and deposit formation in cell cultures exposed to higher cholesterol concentrations 67 . The lipid nanodiscs used in our experiments are much smaller (see Table S1 ) than vesicles used in previous experiments and there is a lack of stored curvature elastic stress. Thus, it is possible that cholesterol can promote co-localization and co-orientation of several α -Syn molecules in a spatially restricted area. This effect of local enrichment of α -Syn on membranes and molecular crowding has been suggested as the mechanism of α -Syn fibrillation in live cells 68 . However, a more detailed insight of how the presence of different membrane components affects the different parts of the protein is required.
Using the approach of Shortridge et al. 31 38, 64 , were observed. In fact, if we inspect which amino acids gives rise to undetectable peaks and where they appear in the sequence ( Figure 3B ), we find that most invisible states are organized in non-perfect hexameric KTKEGV repeats which represent a small α -helical motif with high affinity to lipid environment 38, 58, 69, 70 . The fact that the presence of cholesterol cause more α -Syn residues in these repeats to become undetectable suggests that these are involved in cholesterol interaction. This is particularly apparent in the N-terminal region and NAC region, where we observed a longer stretch of invisible peaks in the T72-V82 region.
This stretch coincides with the ending of the NAC core which has been proposed to function as a sensor of the state of the lipid bilayer 52 , and which participates in the formation of β sheets during oligomerization 71 . Notably, this invisible stretch is extended when cholesterol is present, particularly in the presence of DOPC:PE:PG with 30% cholesterol nanodiscs, suggestive of a link to the seeding-like activity of nanodiscs containing cholesterol reported here. We also observed the induction of several invisible peaks in the C-terminal (especially in the interval G132-D135) which is, generally, regarded as non-reactive towards lipids but protective against aggregation 72, 73 . This could mean that these residues are involved in a chaperone-like activity, as has been suggested 48, 73 , maintaining at least some protein interaction with the solvent rather than allowing it to nucleate at the membrane or other potential seeding sites. In this scenario, the influence of cholesterol on this part of the protein would interfere with the moderating effect the C-terminal of α -Syn, possibly speeding up nucleation. Interestingly, it has recently been shown that the C-terminal helps to modulate α -Syn membrane interaction and its localization at the pre-synaptic terminal by binding to Ca 2+ 60 . Moreover, natively occurring C-terminally truncated α -Syn is associated with increased fibrillation, a phenomenon that was further enhanced if known disease mutants were present in the fibrillation assays 73 .
The known mutants of α -Syn involved in hereditary early onset of PD are clustered towards the end of the membrane binding N-terminal segment of the protein 4, 51 . Of these sequence positions, only A30 and A53 could be directly observed in our results. The A53 aK D was high for all lipid samples when compared, for example, to the medium affinity of V15 and low affinity of E131, suggesting that A53 have a general role in lipid binding ( Figure 4C ).
A30, in contrast, has a low affinity, with no aK D determined for the DOPC:PE:PG model with cholesterol. Its mutant A30P has been reported to decrease α -Syn binding to membranes 64 , while A53T are associated with slower membrane-perturbing effects 7 .
In our study we have shown that cholesterol inhibits binding of α -Syn to lipid membranes. However, we have also observed that lipid nanodiscs containing cholesterol can act as a strong promotor of scaffolding proteins that bring other proteins together. Several of the isoforms (seven in humans) of this protein class have been identified in Lewy bodies 76, 77 . Interaction studies of the η -isoform and α -Syn showed that it binds to oligomeric, but not monomeric α -Syn, and intriguingly this isoform also are notable for its presence in the synaptic membrane and synaptic junctions 78 . In addition, the isoform was shown to reduce α -Syn toxicity in cell models 79 . These observations suggest that 14-3-3 proteins may be involved in handling α -Syn overload situations at cholesterol-rich sites, and a may provide a link between the lipid membrane and the proteostasis network. (Table S2 ). Nanodiscs were prepared using a modified procedure based on Scheidelaar et al. 86 Hydrated lipids and SMA were mixed in varying ratio based on nanodiscs composition (see Table S1 ). The mixture was processed in the same manner as hydrated lipids in LUVs preparation (4 cycles freeze-thawing and 13 extrusion cycles through a 100 nm filter), and incubated overnight at room temperature. Nanodiscs were further purified by size exclusion chromatography using HiLoad Superdex column 16/600 200 pg (GE healthcare life sciences) connected to an ÄEKTA system. The fractions containing the desired nanodiscs were collected and their size was determined by DLS using Nanosizer ZS (Malvern Instruments).
The mean values of major nanodiscs peaks are shown in 
